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Abstract HO2 and OH, also known as HOx, play an important role in controlling middle atmospheric O3.
Due to their photochemical production and short chemical lifetimes, HOx are expected to respond rapidly
to solar irradiance changes, resulting in O3 variability. While OH solar cycle signals have been investigated,
HO2 studies have been limited by the lack of reliable observations. Here we present the ﬁrst evidence of HO2
variability during solar 27 day cycles by investigating the recently developed HO2 data from the Aura
Microwave Limb Sounder (MLS). We focus on 2012–2015, when solar variability is strong near the peak of
Solar Cycle 24. The features of HO2 variability, with the strongest signals at 0.01–0.068 hPa, correlate well
with those of solar Lyman α. When continuous MLS OH observations are not available, the new HO2 data
could be a promising alternative for investigating HOx variability and the corresponding impacts on O3 and
the climate.
1. Introduction
The odd hydrogen species (HOx) are well known for their role in the catalytic destruction of middle atmo-
spheric O3. In particular, above ~40 km, the major catalytic O3 loss is controlled by HOx reaction cycles
involving OH, HO2, and atomic hydrogen (H) [e.g., Wang et al., 2013], where X =OH/H and XO=HO2/OH.
Xþ O3→ XOþ O2 (1)
O þ XO→O2 þ X (2)
The net result of these reaction cycles is the removal of two odd oxygen species, O3 and atomic oxygen (O),
without changing the abundance of HOx.
O þ O3→ 2O2 net result of 1ð Þand 2ð Þð Þ (3)
The main sources of HOx during daytime are photolysis of H2O (mainly in the mesosphere),
H2O þ hν→OH þ H e121 nm; 175–205 nm
 
(4)
and of O3 (mainly in the stratosphere) [e.g., Brasseur and Solomon, 2005].
O3 þ hν→O2 þ O 1Dð Þ 200–330 nmð Þ (5)
O 1D
 þ H2O→ 2OH (6)
The termination of the reaction cycles is the ultimate removal of HOx through self-reactions, e.g., reaction (7).
OH þ HO2→ H2O þO2 (7)
Due to their photochemical production, HOx abundances vary with solar UV irradiance over various time
scales andmagnitudes. They exhibit distinct diurnal [e.g., Li et al., 2005;Minschwaner et al., 2011] and seasonal
[e.g., Canty and Minschwaner, 2002] variabilities. Moreover, OH has been shown to vary with solar cycles
(the 11 year cycle [Wang et al., 2013] and the 27day cycle [Shapiro et al., 2012]). It has been suggested that
the solar 11 year cycle variability in OH and the corresponding HOx chemistry dominate O3 solar cycle variability
above 40 km [Wang et al., 2013].
While O3 responses to natural solar forcing are important for understanding the Sun-climate interaction, large
disagreements in O3 solar cycle signals among various observations and between models and observations
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remain unresolved, making it challenging to evaluate how well climate models simulate natural O3 variability
and predict future O3 layer changes [e.g., Haigh et al., 2010;Merkel et al., 2011; Swartz et al., 2012; Ermolli et al.,
2013; Solanki et al., 2013; Ball et al., 2014a]. In particular, the large discrepancies in solar spectral irradiance
(SSI) variability during 11 year cycles result in huge uncertainties in climate model results [e.g., Lean and
Deland, 2012; Fontenla et al., 2011; Ball et al., 2014b; Morrill et al., 2014; Thuillier et al., 2014]. While O3
responses to solar forcing are complex, involving direct (O3 photolysis) and various indirect effects (e.g.,
through photochemical variability in HOx, dynamics, and atmospheric heating), in the middle atmosphere
they are mostly through photochemistry [Swartz et al., 2012], in particular HOx chemistry above 40 km
[Wang et al., 2013]. Given the short HOx chemical lifetime and the relative simplicity of HOx variability, quan-
tifying and understanding HOx variability could be the steppingstone that leads to a better understanding of
O3 changes. Therefore, evidence of solar-induced HOx variability is an important input to investigations of the
corresponding solar impacts on O3 and climate. Since the uncertainty in SSI variability is rather small for short-
term solar forcing (i.e., 27 day cycles) [Deland and Cebula, 2012; Lean and Deland, 2012], quantifying HOx
variability during 27 day solar cycles could be the ﬁrst step in understanding solar forcing impacts on middle
atmospheric HOx chemistry.
While OH solar 27 day cycle signals have been reported based on satellite observations [Shapiro et al., 2012],
little attention has been paid to HO2, which also plays an important role in HOx reaction cycles. The main rea-
son is the lack of reliable HO2 data with the required quality. The recently developed HO2 data from the Aura
Microwave Limb Sounder (MLS) make it possible, for the ﬁrst time, to investigate the subtle signals of solar-
induced HO2 variability.
2. Data
2.1. Aura MLS HO2 Data
MLS was launched in July 2004 on the Sun-synchronous Aura satellite. The crossing time at the equator is
~13:45 for daytime (ascending parts of the orbit) and ~1:45 for nighttime (descending). MLS provides the ﬁrst
long-term continuous global daily vertical proﬁle data for OH and HO2 for both day and night [e.g., Pickett
et al., 2008]. OH is measured with the THz subinstrument, while HO2 and all other species are measured with
GHz radiometers. Continuous daily OH measurements are available from August 2004 to December 2009.
Due to aging of the THz subinstrument, after 2009, OH data are only available for ~30 day periods every sum-
mer since 2011. Daily measurements of MLS HO2 are continuing and currently provide the only available
long-term global data set for HO2. Other space-borne HO2 data are only available for short intervals and/or
during periods when solar activity is moderate or weak (e.g., data from the submillimeter radiometer on
Odin during October 2003 to December 2005 [Baron et al., 2009] and from the Superconducting
Submillimeter-Wave Limb Emission Sounder during October 2009 to April 2010 [Kikuchi et al., 2010]).
While the MLS HO2 data record is over 10 years long and covers the current 11 year solar cycle peak (Solar
Cycle 24), the original standard MLS HO2 data [Livesey et al., 2015] lack the accuracy and stability needed
for studying the subtle solar cycle variability. Recently, an “off-line” version of the MLS HO2 data product, with
signiﬁcantly improved quality, has been developed, bringing a brand new opportunity [Millán et al., 2015].
This new retrieval is based on daily zonal mean radiances in 10° latitude bins. It has a wide global coverage
of 82°S–82°N, with a vertical range of 10–0.003 hPa, which allows for investigations of mesospheric trends
and variability. To further reduce the noise and to minimize the effect of strong seasonal cycles, we focus
on “global mean” data in a wide latitude range of 55°S–55°N. An overview of daytime off-line HO2 data
(10.5 years) is shown in Figure 1. The mesospheric HO2 density peak occurs at ~70 km (~0.046 hPa). The
HO2 abundance also clearly increases from the solar minimum in 2008–2009 to the recent solar maximum
in 2012–2015 as solar UV irradiance increases with the 11 year cycle.
2.2. Solar Lyman-Alpha Data
Solar Lyman α (~121.5 nm) has been widely used as an index for solar UV irradiance. Water vapor (H2O)
photolysis at the Lyman α wavelength is a major source of mesospheric HOx. We use the Lyman α long-term
composite from LISIRD: Laboratory for Atmospheric and Space Physics (LASP) Interactive Solar Irradiance
Data Center (http://lasp.colorado.edu/lisird/). This composite covers multiple solar 11 year cycles and includes
observations from six satellite instruments and various models to ﬁll in gaps between measurements. The
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values are all scaled to match the UARS reference level as discussed by Woods et al. [2000]. For the most
recent decade, data are from the Solar Stellar Irradiance Comparison Experiment on board NASA’s Solar
Radiation and Climate Experiment, launched in 2003, and the EUV Variability Experiment on board NASA’s
Solar Dynamics Observatory, launched in 2010.
Figure 2a shows the Lyman α time series from January 2004 to February 2015. The black line shows the daily
data, and the cyan line (36 day fast Fourier transform (FFT) smoothing) indicates the trend or “baseline” that is
not associated with 27 day cycles. A 36 day window for smoothing was chosen based on earlier studies of OH
variability [Shapiro et al., 2012], which found that a 20–35 day band-pass ﬁlter can satisfactorily extract the
solar 27 day cycle signal. The Lyman α trend generally follows the solar 11 year cycle, decreasing from 2004
to 2009 and increasing thereafter. When the original daily data are normalized to the baseline, the short-term
oscillation, which is mostly due to the 27 day cycles, is clearly demonstrated (Figure 2b). The most recent
three years (2012–2015) show the strongest 27 day cycle variability in solar UV and thus represent the best
time period for investigating the subtle changes in atmospheric HO2. Therefore, our data analysis is focused
on these three years.
3. Results and Discussion
To extract the 27 day variability signal due to solar cycles, both longer-term variability (primarily consisting of
the seasonal cycle, solar 11 year cycle, and the trend) and the day-to-day noise have to be removed. While
previous studies used a simple 20–35 day band-pass ﬁlter to extract the solar 27 day cycle signal [Shapiro
et al., 2012], we use a different method that is less likely to introduce artiﬁcial oscillations through numerical
ﬁlters. Using 0.032 hPa data as an example, Figure 3 illustrates the methodology for removing the longer-
term variability and the day-to-day
noise. We ﬁrst applied a 36 day FFT
smoothing to the daily HO2 data (after
eliminating outliers using a criterion
of 3 times the standard deviation and
ﬁlling gaps with linear interpolation).
The resulting longer-term trend was
used as the baseline (Figure 3a, cyan).
The original daily HO2 data were
then normalized to the baseline to
calculate the percentage variation
from it (Figure 3b, cyan). After another
round of outlier removal (>3 times
the standard deviation), a 10 day FFT
smoothing was then applied to
further smooth out the day-to-day
noise (Figure 3b, blue). The resulting
variability should be mostly associated
with the 27 day solar cycles. The
same steps were also applied to the
Figure 2. (a) The time series of daily Lyman α data from January 2004 to
February 2015 (black) and the trend baseline (cyan: 36 day FFT smoothing);
(b) The short-term variability from the baseline calculated by normalizing
daily data to the baseline value. The red points indicate outliers that are out
of the range of 3 times standard deviations.
Figure 1. Overview of daytime global mean (55°S–55°N) data of MLS off-line HO2 (10
6 cm3). Gaps are missing data.
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daily Lyman α data (Figures 3c and 3d).
The resulting “ﬁngerprint” features of
the variability in HO2 and Lyman α
correlate with each other very well
(Figure 3e), including the times when
Lyman α oscillations are somewhat
weak or irregular.
We extended the analysis to all other
pressure levels for which MLS HO2 data
are available. As shown in Figure 4,
clearly deﬁned 27day cycle signals
were found at all six pressure levels
between 0.01 hPa and 0.068 hPa, which
cover the entire mesospheric HO2 den-
sity peak (see Figure 1). At lower alti-
tudes (≥0.1 hPa), the penetrating solar
UV irradiance is greatly reduced and
thus the signatures of solar cycle varia-
bility in HO2 become noisier. At higher
altitudes (≤0.0068hPa), HO2 density is
too small and HO2 data become too
noisy for extracting solar cycle signals,
although the percentage HO2 variabil-
ity is likely larger due to stronger
penetrating solar UV irradiance. For all
six pressure levels, the cross correlation
analysis indicates that HO2 and Lyman
α variabilities correlate with each other
with no signiﬁcant time lag (Figure S1
in the supporting information).
The linear regression between HO2
variability and Lyman α variability is a
measure of HO2 response to solar UV
changes. The linear ﬁt plots are included
in supporting information (Figure S2
and Table S1 in the supporting informa-
tion). The slope of the ﬁt quantiﬁes HO2
sensitivity to Lyman α changes (% varia-
bility in HO2 due to 1% variability in
Lyman α). Figure 5 summarizes the
HO2 sensitivity at all pressure levels.
The blue line shows the goodness of
the ﬁt (correlation coefﬁcient R2).
This vertical proﬁle of HO2 sensitivity to
solar Lyman α changes has a peak at
0.032–0.046 hPa (~70–75 km), which is
close to but slightly higher than that
of the HO2 density peak in the meso-
sphere. The altitude of the strongest
HO2 solar cycle signals should be a
compromise between the decreasing
HO2 abundances and the increasing
Figure 4. Signatures of solar 27 day cycle variability in MLS HO2 data at six
pressure levels in the mesosphere. Note that the Lyman α variability signal
shown in all panels is the same because the LISIRD Lyman α data are for the
top of the atmosphere rather than the irradiance penetrating into each
layer of the atmosphere.
Figure 3. The 27 day solar cycle variability in HO2 and Lyman α at
0.032 hPa. (a) The global mean (55°S–55°N) MLS HO2 daily data (black)
and the 36 day FFT smoothing result (cyan), which is used as the “baseline”
trend. The red points are considered outliers (using 3 times the standard
deviation as the threshold) and excluded from the analysis. (b) The original
daily HO2 data are normalized to the baseline value (cyan) and then
smoothed by applying a 10 day smoothing to remove the day-to-day noise
(blue). (c and d) are the same as Figures 3a and 3b except that the data are
for Lyman α instead of HO2. The unit of Lyman α data is as shown in
Figure 2. (e) The comparison of variability in HO2 and Lyman α during solar
27 day cycles.
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penetrating UV irradiance with alti-
tude. It is thus not surprising to see
the peak HO2 variability signal occur
at an altitude higher than that of the
HO2 density peak. Whether the HO2
solar cycle signal continues to increase
above the altitude of 0.01 hPa (as sug-
gested by the OH solar cycle signal
study of Shapiro et al. [2012]) cannot
be conﬁrmed with MLS HO2 data.
HO2 data during the earlier years of
Aura MLS (2004–2005), when solar
activity was moderate (in the middle of
the declining phase of Solar Cycle 23),
were also analyzed. Similar signatures
of HO2 variability with Lyman α are also
seen, but the correlations are weaker
(only one pressure level has R2 greater
than 0.3; see Figure S3 in the supporting
information). We also applied the same
analysis to the entire MLS measurement record (2004–2015). However, due to the weak solar activity and thus
weak solar 27day cycles (as shown in Figure 2b), no signiﬁcant HO2 27day variability was found during most of
the period from 2006 to 2011. Furthermore, we extended the analysis to nighttime HO2 data and, as expected,
found no correlation between HO2 and Lyman α. These results demonstrate the robustness of our analysis.
The band-pass ﬁlter used in earlier OH studies [Shapiro et al., 2012] was also used for our HO2 variability ana-
lysis. The results are similar to those extracted using the aforementioned technique, except that the slopes
from the band-pass ﬁlter analysis are often larger than the results in Figure 5 with larger error bars and the
linear correlations are mostly worse (see Table S1).
4. Summary
By analyzing the recently developed off-line Aura MLS HO2 data, we found the ﬁrst evidence of global mean
HO2 variability during solar 27 day cycles. The distinct features of mesospheric HO2 variability are shown to
correlate well with those of solar Lyman α variability. The strongest HO2 solar cycle signals were found in
the pressure range of 0.01–0.068 hPa during 2012–2015. While continuous observations of MLS OH are not
available after the end of 2009, the new HO2 data are a promising alternative for investigating HOx variability.
Quantifying and understanding the solar forcing impacts on middle atmospheric O3-controlling HOx species
will enable better understanding of the more complex solar-induced changes in O3 and the climate.
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